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a  b  s  t  r  a  c  t
E-liquids  generally  contain  four  main  components:  nicotine,  ﬂavours,  water  and  carrier liquids.  The  carrier
liquid  dissolves  ﬂavours  and  nicotine  and  vaporises  at a certain  temperature  on  the  atomizer  of  the e-
cigarette.  Propylene  glycol  and  glycerol,  the  principal  carriers  used  in e-liquids,  undergo  decomposition  in
contact  with  the  atomizer  heating-coil  forming  volatile  carbonyls.  Some  of these,  such  as  formaldehyde,
acetaldehyde  and  acrolein,  are  of  concern  due  to their  adverse  impact  on human  health  when  inhaled  at
sufﬁcient  concentrations.  The  aim  of this  study  was  to correlate  the  yield  of  volatile  carbonyls  emitted
by  e-cigarettes  with  the  temperature  of  the  heating  coil.
For  this  purpose,  a popular  commercial  e-liquid  was  machine-vaped  on a  third  generation  e-cigarette
which  allowed  the  variation  of  the  output  wattage  (5–25 W)  and  therefore  the  heat  generated  on  the
atomizer  heating-coil.  The  temperature  of the  heating-coil  was  determined  by  infrared  thermography
and  the  vapour  generated  at each  temperature  underwent  subjective  sensorial  quality  evaluation  by an
experienced  vaper.
A  steep  increase  in the  generated  carbonyls  was  observed  when  applying  a battery-output  of  at least
15  W  corresponding  to 200–250 ◦C  on  the heating  coil.  However,  when  considering  concentrations  in
each  inhaled  puff,  the  short-term  indoor  air guideline  value  for formaldehyde  was  already  exceeded
at  the  lowest  wattage  of 5 W,  which  is  the  wattage  applied  in  most  2nd  generation  e-cigarettes.  Con-
centrations  of  acetaldehyde  in  each  puff were  several  times  below  the  short-term  irritation  threshold
value  for  humans.  Acrolein  was  only  detected  from  20 W  upwards.  The  negative  sensorial  quality  eval-
uation  by the  volunteering  vaper  of  the  vapour  generated  at 20 W  demonstrated  the unlikelihood  that
such  a wattage  would  be  realistically  set by a vaper.  This  study  highlights  the  importance  to  develop
standardised  testing  methods  for the  assessment  of carbonyl-emissions  and  emissions  of other  poten-
tially  harmful  compounds  from  e-cigarettes.  The  wide  variety  and  variability  of products  available  on
the  market  make  the  development  of  such  methods  and  the  associated  standardised  testing  conditions
particularly  demanding.
©  2016  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC. Introduction
Electronic cigarettes have become increasingly popular (Ayers
t al., 2011; Caponnetto et al., 2012) in the last years. Due to the
bsence of combustion and the associated formation of carcino-
enic compounds, they are frequently advertised as a healthier
lternative to traditional tobacco smoking (Hutzler et al., 2014).
here is some controversy regarding their potential as cessation
∗ Corresponding author at: European Commission, Joint Research Centre, Institute
or  Health and Consumer Protection, Via E.Fermi, 2749, 21027 Ispra, VA, Italy.
E-mail address: otmar.geiss@ec.europa.eu (O. Geiss).
ttp://dx.doi.org/10.1016/j.ijheh.2016.01.004
438-4639/© 2016 The Authors. Published by Elsevier GmbH. This is an open access artic
.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
aids, although recently published studies showed their poten-
tial to promote smoking reduction and cessation (Adriaens et al.,
2014; Bullen et al., 2013; Caponnetto et al., 2013). Liquids vaped
with e-cigarettes are primarily composed of propylene glycol
and/or glycerol as vaporising carriers, water, nicotine and ﬂavours
(Farsalinos et al., 2015). Beside these intentionally added main
components, other chemicals are not directly present in the e-
liquids, but are either released from hardware components of the
e-cigarette such as metal and silicate particles (Williams et al.,
2013) or are generated during the evaporation-process on the
heating-coil. Tobacco-speciﬁc nitrosamines (Goniewicz et al., 2014;
McAuley et al., 2012), polycyclic aromatic hydrocarbons (Schober
et al., 2014) and volatile carbonyls belong to this latter category
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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f compounds. Carbonyls are formed by oxidation of the e-liquid
hen it comes into contact with the heating coil of the atomizer
Bekki et al., 2014) and are of particular concern due to their known
dverse impact on human health when inhaled at sufﬁcient con-
entrations. Formaldehyde is classiﬁed as carcinogenic to humans
group 1) by the International Agency for Research on Cancer (IARC,
006). Acrolein is listed as a hazardous air pollutant by the US Envi-
onmental Protection Agency (USEPA, 2003). It causes irritation in
he nasal cavity, cytotoxicity in the airways, and increased mucus
roduction (Bein and Leikauf, 2011; Moretto et al., 2012). Acetalde-
yde is classiﬁed (IARC, 1999) as being possibly carcinogenic for
umans (group 2B).
A number of studies investigating carbonyl emissions from e-
igarettes have been conducted in the past. These can be generally
ivided into studies in which vapours from e-cigarette were char-
cterised in either test-chambers/sampling bags (Geiss et al., 2015;
cAuley et al., 2012; Schripp et al., 2013) or in real-scenarios
uch as ofﬁces (Schober et al., 2014), studies in which carbonyls
ere determined in the exhaled aerosol (Long, 2014) and stud-
es in which carbonyls were determined with machine smoking
nd direct trapping on sorbent tubes or in impinger solutions
Goniewicz et al., 2014; Hutzler et al., 2014; Kosmider et al., 2014;
ayyarah and Long, 2014; Uchiyama et al., 2013). A detailed com-
arison of the studies belonging to the latter group is provided
n Table 1. Kosmider et al. (2014) demonstrated that increasing
attery outputs generates also increasing levels of carbonyls. The
pper battery-output limit in that study was  set at 15 W.  The
etermination of the qualitative vapour perception and the mea-
urement of the heating coil-temperature were not within the aims
f that study.
In this study we propose a systematic approach for the eval-
ation of volatile carbonyls, both in terms of identiﬁcation and
uantiﬁcation, emitted from e-cigarettes at different temperatures
enerated on the heating coil. Carbonyl yields are correlated with
he battery output applied and hence the temperature generated on
he heating coil and the likelihood that such a battery output would
e applied by a vaper. This latter aspect is of particular importance
s the determination of emissions under unrealistic conditions
ould result in under- or overestimation. To this end we  chose a
hird generation e-cigarette with adjustable battery output which
e set at ﬁve different wattages covering the whole possible range
f settings. The e-cigarette was vaped using a smoking machine
ith the vaping parameters adapted to realistic e-cigarette pufﬁng
opography. Emissions of carbonyls at each wattage were linked
ith the temperatures occurring on the heating coil and the qualita-
ive sensorial perception of the generated vapour by an experienced
aper.
. Methods and materials
.1. Electronic cigarette and e-liquid used in study
The type of electronic cigarette used in this study was a
hird-generation product (“Mods”) composed of two  separately
urchased components: the battery and the atomizer. The battery
as a 2200 mAh  battery (Eleaf, ISTICK, 30W, Ismoka, China) pro-
iding a variable output voltage/wattage range of 2–8 V/5–30 W.
he atomizer was a Kayfun 3.1 (EHPRO, China) re-buildable bot-
om coil atomizer with an adjustable airﬂow. The amount of airﬂow
oing to the coil was kept constant at 50% aperture for all the
easurements. The transparent tank had a capacity of approxi-
ately 4.5 mL.  Throughout all of the measurement a 11 cm long
ichrome 80 type (0.3 mm diameter) wire was used to wrap the
oil (11 wraps). The resistance of this coil corresponded to approx-
mately 1.6 Ohm. The e-liquid was transferred to the coil via a Environmental Health 219 (2016) 268–277 269
cotton-wick. The selection of the above described set of hardware-
components allowed easy adjustment of the voltage/wattage as
well as access to the atomizer as required for the measurement of
the coil-temperature. Moreover, third-generation e-cigarettes have
become the most popular type of device among vapers (Farsalinos
et al., 2015).
The e-liquid used for all measurements in this study (Heaven
Juice Traditional Tobacco 7 Leaves) was  purchased, on the internet,
from one of the principal e-cigarette reﬁll liquid retailers in Italy
(Flavourart srl, Oleggio (NO), Italy). It was  composed of glycerol
(50%), propylene glycol (40%), water (6%), tobacco fragrance (3%)
and nicotine (0.9%). According to Dawkins et al. (2013) e-liquids
with this composition are the most popular on the market (Dawkins
et al., 2013; Farsalinos et al., 2015).
2.2. Method development for the determination of carbonyls
emitted while vaping
2.2.1. Experimental setup
The formation and emission of carbonyls was evaluated at ﬁve
different wattage settings on the e-cigarette: 5 W,  10 W,  15 W,
20 W and 25 W.  For repeatability/comparability reasons, carbonyl
emissions were determined under standardised vaping conditions
with the auxiliary of an analytical smoking machine. The carbonyls
formed during the vaping process were selectively trapped on car-
tridges ﬁlled with 2,4-dinitrophenylhydrazine (DNPH) coated silica
gel adsorbent, followed by analysis by HPLC/UV. The DNPH sor-
bent cartridges were placed directly behind the e-cigarette, thereby
minimising loss of carbonyls due to ad- or absorption processes.
In total 6 replicates (10 puffs/replicate) were analysed for each of
the ﬁve wattages. Samples were analysed on the same day they
were collected, thus minimising the possible formation of multiple
derivative peaks of acrolein-DNPH resulting in the underestima-
tion of the real concentration (Herrington and Hays, 2012; Huynh
and Vu-Duc, 2002; Schulte-Ladbeck et al., 2001).
2.2.1.1. Analytical smoking machine and vaping conditions. The
smoking machine used was a single channel Borgwaldt RM-1 Plus
smoking machine (Borgwaldt KC GmbH, Hamburg, Germany). Vap-
ing parameters and standard conditions, as deﬁned in ISO 3308
(ISO, 2012) for standardised smoking of regular cigarettes, were
adapted according to the ﬁndings of Behar et al. (2015) who inves-
tigated the pufﬁng topography and nicotine intake of electronic
cigarette users. The puff duration was set at 3.0 s, the puff volume at
50 mL  and puff frequency at one puff every 20 s. A bell-shaped puff
proﬁle was chosen. Vapour produced by 10 consecutive puffs was
collected on each cartridge for the determination of carbonyls. The
choice of 10 puffs was  selected to ensure that the amount collected
was above the quantiﬁcation limit while at the same time not over-
loading the trapping-cartridges (Section 2.2.2) with glycols. The
activation button of the e-cigarette was  pressed one second before
each puff started and held for the duration of the puff resulting in
total activation time of 4.0 s.
2.2.2. Selection of DNPH-based trapping cartridge
Four different commercially available cartridges, ﬁlled with
2,4-dinitrophenylhydrazine coated high purity silica, were eval-
uated on their suitability to trap carbonyls emitted from the
e-cigarette: (a) Waters Sep-Pak® DNPH-silica cartridge 0.7 mL,
Plus short body 360 mg,  particle size 55–105 m,  0.9 cm bed-
length (Part No. WAT037500, Waters Corporation, Milford, USA);
(b) Supelco LpDNPH Rezorian® cartridge 3 mL,  350 mg SPE tube,
particle size 150–250 m, 1.5 cm bed-length (Part No. 54075-U,
Supelco, Bellefonte, USA); (c) Supelco LpDNPH S10L cartridge 1 mL,
350 mg  SPE tube, particle size 150–250 m,  1.1 cm bed-length (Part
No. 505358, Supelco, Bellefonte, USA) and (d) SKC DNPH-coated
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Table 1
Overview table comparing experimental setups and results of the current study with comparable studies conducted in the past.
Study Methodology for carbonyl
trapping/analysis
Type of e-cigarette(s) Liquid(s) used Determined carbonyl emissions
This study Machine smoking (50 mL,
3.0 s, 30 s, 10 puffs), direct
trapping on DNPH-sorbent,
HPLC
Third generation
e-cigarette with variable
voltage/wattage (5 W,
10 W,  15 W,  20 W,  25 W
tested). Heating element
with 1.6  resistance,
2200 mAh  battery.
Glycerol (50%), propylene
glycol (40%), water,
fragrance, nicotine
Formaldehyde: 24–1559 ng puff−1
Acetaldehyde: 13–350 ng puff−1
Acrolein: 2.5 ng puff−1 (at 20 W)
Tayyarah and Long
(2014)
Machine smoking
(55 mL,n.d., 30 s, 99 puffs),
Smoke/aerosol collected in
two DNPH-containing
impingers, HPLC
Two disposable and three
rechargeable e-cigarettes.
No detailed information of
e-cigarette properties
available.
(1) Glycerol/propylene
glycol (20:70%), water,
nicotine, fragrance
(2) Glycerol (80%), water,
nicotine, fragrances
Expressed as total carbonyls:
<900 ng puff−1
Acetaldehyde: 320 ng puff−1
Acrolein: 150 ng puff−1
Propionaldehyde: 110 ng puff−1
Kosmider et al. (2014) Machine smoking (70 mL,
1.8 s, 17 s, 30 puffs), direct
trapping on DNPH-sorbent
tubes, HPLC
Second generation
e-cigarette with variable
voltage (3.2 V/4.3 W,
4 V/6.7 W and 4.8 V/9.6 W
tested). Heating element
with 2.4  resistance,
900 mAh  battery.
(1) Primarily glycerol
(2) Glycerol and propylene
glycol
(3) Primarily propylene
glycol
Formaldehyde: 3.2–3.9 ng puff−1
Acetaldehyde: 1.3–7.1 ng puff−1
Acetone: 3.9–19.7 ng puff−1
Acrolein: <DL
Propionaldehyde: <DL
Bekki et al. (2014) Machine smoking (55 mL,
2 s, 30 s, 10 puffs), direct
trapping on cartridges
(Hydroquinone and DNPH),
HPLC
Thirteen Japanese
e-cigarette brands.
No detailed information of
e-cigarette properties
available.
No detailed information
available
Formaldehyde: 660–3400 ng puff−1
Acetaldehyde: 20–2600 ng puff−1
Acrolein: 110–2000 ng puff−1 (at
20 W)
Propionaldehyde:
40–1500 ng puff−1
Goniewicz et al. (2014) Machine smoking (70 mL,
1.8 s, 10 s, 15 puffs),
sorbent trapping, HPLC
11 popular Polish brands.
No detailed information of
e-cigarette properties
available.
No detailed information
available.
Formaldehyde: 21–374 ng puff−1
Acetaldehyde: 13–91 ng puff−1
Acrolein: 4.6–201 ng puff−1 (at
20  W)
Hutzler et al. (2014) Machine smoking (55 mL,
3 s, 30 s, pufﬁng until no
vapours observable),
collected in two
First generation
e-cigarette.
No detailed information of
rties
Preﬁlled cartridges.
No detailed information
available.
Formaldehyde: ∼300 ng puff−1
Acetaldehyde: ∼500 ng puff−1
Acrolein: 500–2500 ng puff−1 (only
when overheating)
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orbent tubes, 450 mg  (in two sections), particle size 400–800 m,
.2 cm bed-length. The selection of the most suitable cartridge was
ased on the dynamic pressure drop occurring across it and its
apacity to quantitatively trap all emitted carbonyls.
.2.2.1. Determination of pressure drop across the cartridge. The
ynamic pressure drop across the cartridges was determined
ith a differential pressure meter (Testo 526-2, 0–2 bar, 0.05%
ccuracy, Testo AG, Lenzkirch, Germany). The two  built-in pres-
ure probes were connected with T-pieces above and below
ach cartridge. The differential pressure was recorded online
uring three consecutive puffs using the standardised vaping
onditions described under Section 2.2.1.1. The data acquisition
ate of the instrument was 0.04 s, equivalent to 25 measuring
oints per second or 75 measuring points over the entire puff
uration.
.2.2.2. Veriﬁcation of trapping efﬁciency. The capability to trap all
enerated carbonyls was tested for the cartridge with the lowest
ressure drop identiﬁed under Section 2.2.2.1. This was done by
onnecting two cartridges in series while machine-vaping 10 con-
ecutive puffs as described under Section 2.2.1.1. The e-cigarette
attery power set at 25 W for highest vapour, and consequently also
arbonyl-formation. The two cartridges were analysed separately
ith HPLC–UV as described under Section 2.2.3..2.3. Analytical determination of emitted carbonyls with HPLC
The cartridges were eluted with acetonitrile into a 2 mL  volu-
etric ﬂask and quantiﬁed against external calibration with a HPLCPropionaldehyde:
100–1100 ng puff−1 (only when
overheating)
system coupled to a diode array detector according to ISO 16000-3
(ISO, 2011). The liquid chromatographic system (HPLC) used was
an Agilent Series 1100 system (Agilent Technologies, Inc., Santa
Clara, CA, USA), composed of a G1312A binary pump, a G1379A
degassing device, a G1329A autosampler and a G1315B diode array
detector set at a wavelength of 360 nm.  Chromatographic sepa-
ration was  achieved using a Phenomenex Kinetex XB-C18, 100 A˚,
2.6 m (4.6 × 100) mm column (Phenomenex, Macclesﬁeld, UK)
and a mobile phase composed of two  solvents indicated as A and
B. Solvent A was prepared from 99% water and 1% THF; solvent
B was prepared from 99% acetonitrile and 1% THF. Separation
was achieved running a linear gradient from 20% to 100% B in
45 min  at a ﬂow rate of 1 mL  min−1. The injection volume was
10 L.
The relative quantiﬁcation limits for formaldehyde, acetalde-
hyde and acrolein were 3.3 ng mL−1 (0.7 ng puff−1), 4.3 ng mL−1
(0.9 ng puff−1) and 2.1 ng mL−1 (0.4 ng puff−1) respectively.
2.3. Source apportionment
The main components of the e-liquid used in this study
were glycerol (50%) and propylene glycol (40%). In order to
understand whether the formation of particular carbonyls could
be correlated to the decomposition of speciﬁcally one or the
other of these glycols, they were vaped singularly following the
same procedure as described in Sections 2.2.1 and 2.2.3. Emis-
sions were measured while setting the battery power output at
10 W,  15 W and 20 W.  Propylene glycol was vaped in its pure
form whereas glycerol had to be diluted (20% water) due to
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tig. 1. Experimental setup for thermographic determination of coil-temperature. (
hich  temperature was  determined (red box).
ts elevated density. Six replicates were carried out for each
omponent.
.4. Thermographic coil-temperature determination
The temperature generated on the e-cigarette coil was mea-
ured with a thermographic infrared camera (Model T450SC, FLIR
ystems, Limbiate, Italy) equipped with a 4×, 100 m close-up
bjective. The temperature range and emissivity index (ε) were set
t 0–650 ◦C and 0.96 respectively.
The mouthpiece, tank and chimney were removed to obtain
irect access to the heating-coil for thermographic recordings
Fig. 1). Two sets of measurements were conducted: (a) determi-
ation of coil temperature in the absence of any liquid and with
o cotton-wick installed and (b) determination of coil temper-
ture with the commercial liquid imbued cotton wick installed.
attery outputs were 5, 10, 15, 20 and 25 W for each set of mea-
urements. The temperature on the heating coil was  continuously
ecorded over ﬁve consecutive puffs, keeping the activation but-
on pressed for 4 s and with a 20 s intermission between each
uff. The average temperature on the heating coil was recorded
nside a speciﬁc section of the thermographic picture (red box in
ig. 1).
.5. Qualitative perception of generated vapour
An experienced volunteering vaper was asked to qualitatively
escribe the vapour generated when vaping the commercial liquid
see Section 2.1), from a sensorial point of view. Speciﬁcally, the
enerated vapour was evaluated on its ﬂavour, heat and density at
attery settings of 5, 10, 15, 20 and 25 W.  The vaper vaped 10 puffs
t each wattage.
. Results and discussionThis work investigated the emission of selected carbonyls from
-cigarettes at ﬁve different battery wattages. The results were
hen correlated with the temperature generated on the heating coilail of atomizer without tank and chimney. (B) Detail of heating coil and section in
at each wattage and the qualitative perception of the generated
vapour by an experienced vaper.
3.1. Selection of DNPH-based trapping cartridge
The four chosen cartridges were ﬁrst evaluated according to
their dynamic pressure drop across the cartridge, since a strong
pressure drop would inﬂuence the pufﬁng topography set on the
smoking machine and thus potentially inﬂuence the composition
of the aerosol. Pressure drops determined for the four cartridges
are shown in Fig. 2.
The dynamic pressure drop for both Supelco Rezorian and
Supelco S10L was around 70 mbar while the dynamic pressure drop
for the Waters Sep-Pak and the SKC sorbent tube is much higher
and exceeds 170 mbar. As a secondary effect of the higher pressure-
drop, the time required to reach a differential pressure of zero
is considerably longer. As a consequence of this effect the puff-
duration was  longer compared to that set on the smoking machine
and therefore the vaping-topography was modiﬁed. Differences in
pressure drop are principally caused by the size and bed-length
of the DNPH-covered silica particles. In fact, the dynamic pressure
drop over the Supelco Rezorian cartridge is slightly higher, proba-
bly due to its longer bed-length which however, due to the longer
permanence of the carbonyls inside the cartridge, ensures a higher
trapping probability.
Among the four tested cartridges, the most suitable in terms
of pressure drop, was  therefore the Supelco Rezorian which
showed only a small and therefore negligible extension of the
puff-duration (0.24 s). The trapping efﬁciency of this cartridge
proved to be 100% under the conditions described in Section
2.2.2.2. No carbonyls were detected in the eluate of the sec-
ond cartridge and this cartridge proved hence to be suitable
for the purpose of this work. Compared to alternative trapping
methods, such as DNPH-containing impinger solutions (Tayyarah
and Long, 2014), collection in Tedlar sampling bags (Geiss et al.,
2015) or with DNPH imbued glass-ﬁlter pads (Long, 2014), the
use of sampling tubes ﬁlled with DNPH-covered silica seemed
to be the simplest while, at the same time, most efﬁcient
method.
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sig. 2. Dynamic pressure drop occurring across the four tested cartridges on three
ezorian/Supelco S10L, 4.32 s for SKC 226-119 and 4.88 s for Waters Sep-Pak).
.2. Determination of carbonyl-emissions at selected
attery-outputs
As described in Section 2.2.1, carbonyl emissions were measured
t ﬁve different power outputs of the e-cigarette (wattages). The
mitted amounts for each of the investigated carbonyls are illus-
rated in Fig. 3. Emissions are expressed as amount of carbonyl in
ach puff [ng puff−1].
Results show a general increase in carbonyl emissions with
ncreasing wattage (and hence increasing coil temperature) with
 sharp rise at 15 and 20 W.  Quantiﬁcations at 25 watt were dis-
arded due to strong variations and poor reproducibility of the
esults. Acrolein was only detected when applying at least 20 W.
lthough the sampled cartridges were analysed on the same day of
ollection, thus minimising undesired side effects, concentrations
or acrolein have nonetheless to be considered semi-quantitative,
ue to the possible formation of multiple derivative peaks which
ight underestimate the real concentration (Herrington and Hays,
012; Huynh and Vu-Duc, 2002; Schulte-Ladbeck et al., 2001).
Comparable studies conducted with machine smoking and
irect trapping of the carbonyls at the mouthpiece of the e-cigarette
ave been conducted in the past. The results obtained in these
tudies are listed in Table 1. A relatively high variability between
esults, primarily in terms of concentration but also in terms of
dentity of detected compounds, can be observed. This variability
an be attributed to the differing trapping methodologies, differ-
nt vaping patterns, different selection of e-liquids and different
ypes of e-cigarettes (atomizer, battery, resistance, heat generated
n coil) studied. Compared to the other studies, those conducted
y Tayyarah and Long (2014), Bekki et al. (2014) and Hutzler et al.
2014) generally detected much higher concentrations for all car-
onyls. The main difference between these three studies and all
he other studies, including the current one, lies in the way  the car-
onyls are trapped. As opposed to the other studies, these three
tudies do not directly trap generated carbonyls on sorbent tubescutive puffs. The vertical bars delimit the total duration of puff (3.24 s for Supelco
ﬁlled with DNPH-covered silica. The study conducted by Kosmider
et al. (2014) found generally lower concentrations. The authors do
however mention in their article that the speciﬁc sorbent tubes
used might have led to incomplete trapping of all carbonyls. This
supports the idea that this step is crucial for accurate quantiﬁcation
and needs therefore to be thoroughly assessed. Results obtained
in the study conducted by Goniewicz et al. (2014) are generally
in good agreement with the values found in this study although
in their case the vaping topography is much more intense, which
might explain the higher concentration obtained for acrolein.
3.2.1. Exposure considerations
The conversion of the measured formaldehyde amounts
expressed as ng puff−1 into m/v-concentrations in the inhaled
vapour of each puff results in 484 g m−3, 1436 g m−3 and
6208 g m−3 for battery output settings at 5 W,  10 W and 15 W
respectively. The majority of critical assessments of formalde-
hyde levels that would be protective for the symptoms of sensory
irritation for all individuals, including those with self-reported
sensitivity to formaldehyde as well as asthmatics, support a low-
est effective irritant concentration of 0.3 ppm/370 g m−3 (ATSDR,
2007; NAS, 2007a,b). A more conservative and even more health-
protective value of 100 g m−3 has been derived as ofﬁcial indoor
air guideline for formaldehyde (deﬁned for 30 min  short term aver-
age exposure recommended as preventing sensory irritation in
the general population) by the World Health Organization (WHO,
2010). Formaldehyde concentrations measured in the inhaled
vapour of the current study exceed both threshold values several
times depending on the selected battery output. Concentrations
of acetaldehyde in each inhaled puff were 264 g m−3, 500 g m−3
and 1986 g m−3 for battery settings at 5 W,  10 W and 15 W respec-
tively. The major non-cancer health effects of acute exposure in
humans to acetaldehyde vapours consist of irritation to the eyes,
skin, and respiratory tract. Low to moderate air concentrations
(25 ppm/45 mg  m−3 to 200 ppm/363 mg  m−3) cause eye and upper
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sig. 3. Amounts of carbonyls emitted at each power output. The table includes the 
espiratory tract irritation. Moderate concentrations (300 ppm or
reater) also cause bronchoconstriction in asthmatics (Muttray
t al., 2009; Sim and Pattle, 1957). Acetaldehyde concentrations
n each puff measured in this study are all lower than the thresh-
ld value by a factor of at least 20. The German Ad-hoc Working
roup on Indoor Guidelines of the Indoor Air Hygiene Committee
nd the States’ Supreme Health Authorities (2013) issued an indoor
ir precautionary guideline value of 100 g m−3 for acetaldehyde
o protect public health: the measured values were a factor of at
east 2.5 larger depending on the battery output. The comparison
f indoor air guideline values with the concentrations measured
n each puff has to be taken with precaution as the guideline
alues are deﬁned for concentrations constantly inhaled over a pro-
onged period of time, which is not the case for vaping. Acrolein
as only detected at a battery output of 20 W.  The concentra-
ion in the inhaled puff corresponded to 50 g m−3. An Acute
xposure Guideline Level (AEGL) has been derived for acrolein.
hese guideline levels (AEGLs) describe the human health effects
rom once-in-a-lifetime, or rare, exposure to airborne chemicals.
he AEGL-1 value was based on very slight eye irritation and
annoyance” or discomfort observed in human subjects exposed
o acrolein at 0.09 ppm/200 g m−3 (Weber-Tschopp et al., 1977).
n intraspecies uncertainty factor of 3 was applied which ﬁnally
esulted in an AEGL-1 (10 min) of 0.03 ppm (70 g m−3). The
oncentration measured in this study is slightly below the AEGL-
. An indoor air guideline value for acrolein of 6.9 g m−3 was
roposed by the French Agency for Food, Environmental and Occu-
ational Health and Safety (ANSES, 2013) to protect against effects
ccurring following short-term exposure for short-term exposure
1 h). This guideline value is exceeded approximately sevenfold.
n conclusion, the short-term guideline concentration value for
ormaldehyde is already exceeded at the lowest wattage when
onsidering the concentration in each inhaled puff. The opposite is
rue for acetaldehyde where the threshold values are not exceeded
ven at the highest battery wattage. Acrolein was detected only at a
etting of 20 W:  vaping conditions unlikely to be applied by vapers.ge concentration and the standard deviation (AVRG ± SD). (*) Not quantiﬁable.
3.2.2. Aldehyde emissions compared to traditional tobacco
cigarettes
Aldehydes are generated and emitted from traditional tobacco
cigarettes as well as electronic cigarettes. Based on a recent study on
electronic cigarette topography (Robinson et al., 2015), we  assumed
that vapers take an average of 15 puffs per vaping session. This
corresponds to the equivalent of smoking one traditional tobacco
cigarette. The amount of aldehydes emitted from tobacco cigarettes
is related to their mainstream smoke tar yields. We chose formalde-
hyde and acetaldehyde emissions of a medium tar (4 mg) and a high
(10 mg)  tar cigarette smoked under standard conditions (Eldridge
et al., 2015), as deﬁned in ISO 3308 (ISO, 2012), for the comparison.
These values were compared with the aldehyde emissions from the
e-cigarette measured when setting the battery output at 10 W and
15 W respectively.
Results in Table 2 show that emissions from tobacco cigarettes
are from 2 to 32 times higher for formaldehyde and from 600 to
2100 time higher for acetaldehyde depending on the battery output
of the e-cigarette and the tar-yield of the tobacco cigarette.
3.3. Source apportionment of carbonyls formed while vaping
Table 3 reports the concentrations measured when vaping pure
propylene glycol and glycerol (diluted with 20% water) singularly.
Results suggest that acetaldehyde is primarily formed by the
oxidation of propylene glycol while acrolein is principally gener-
ated by the oxidation of glycerol. Formaldehyde is formed by the
oxidation of both of the above glycols although a predominance of
glycerol can be observed. Acrolein and acetaldehyde as oxidation-
byproducts of glycerol are formed only at higher coil-temperatures.
These ﬁndings are in agreement with previous studies in which
a number of hypotheses have been postulated to explain the forma-
tion of carbonyls. The formation of formaldehyde and acrolein was
primarily attributed to the oxidation and fragmentation of glyc-
erol contained in e-liquids when they come in contact with the
heating coil (Goniewicz et al., 2014; Ohta et al., 2011; Stein et al.,
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Table 2
Comparison of formaldehyde and acetaldehyde levels between the e-cigarette used in the current study and tobacco cigarettes (4 mg tar and 10 mg tar).
e-Cigarette
10 W
e-Cigarette
15 W
Tobacco cigarette
4 mg  Tar
Tobacco cigarette
10 mg  Tar
Ratio
(C)/(A)
Ratio
(D)/(A)
Ratio
(C)/(B)
Ratio
(D)/(B)
Compound [g 15 puffs−1] [g 15 puffs−1] [g/Cig.] [g/Cig.]
(A) (B) (C) (D)
Formaldehyde 1.1 4.7 9 25–35 8 23–32 2 5–7
Acetaldehyde 0.2 0.4 420 240 2100 1200 1050 600
Table 3
Formation of carbonyls while vaping pure propylene glycol and diluted glycerol. Results are expressed as average concentration over six replicates and the associated standard
deviations.
Pure propylene glycol Glycerol/water (80%: 20%)
10 W 15 W 20 W 10 W 15 W 20 W
Formaldehyde [ng puff−1] 16.5 ± 3.0 96.0 ± 30.0 143.7 ± 12.0 68.2 ± 10.0 91.6 ± 6.0 1000 ± 300
Acetaldehyde
−1
56.9 ± 9.0 35.9 ± 4.0 119.2 ± 21.0 <DL <DL 53 ± 16
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983; Uchiyama et al., 2013). The formation of formaldehyde and
cetaldehyde are primarily attributed to the oxidation and frag-
entation of propylene glycol when they come in contact with the
eating coil (Ohta et al., 2011; Paschke et al., 2014). The battery
utput, and therefore ultimately the heat generated on the evap-
ration coil, has been reported to affect the quantity of carbonyls
ormed (Kosmider et al., 2014). This is in good agreement with the
ndings of the current study.
.4. Thermographic determination of coil temperature at selected
attery outputs and correlation with carbonyl emissions
Wattage, in vaping terminology, is what determines the amount
f heat being produced by the atomizer. It depends on the resistance
f the heating coil and the voltage supplied by the battery. Results
btained in this study (Section 3.2) demonstrated the relationship
etween the set battery-output (wattage) and the amount and/or
ype of carbonyls emitted. For a more detailed comprehension of
his relationship, the temperature occurring on the heating coil was
tudied in the absence of any liquid (and with no wick installed)
nd with the cotton wick imbued with the commercial liquid and
ts pure single constituents.
.4.1. Coil temperature in absence of wick and liquids (dry coil)
Temperatures generated on the “dry” coil, while applying 5 dif-
erent wattages of 5 W,  10 W,  15 W,  20 W and 25 W,  were 380 ◦C,
90 ◦C, 625 ◦C, 800 ◦C and 950 ◦C respectively. Detailed results are
eported under Supplementary data [SD1]. Schripp et al. (2013)
easured a heating coil temperature of around 350 ◦C in their
tudy, but no detailed information of the type of e-cigarette used
n that study was provided. However, the device depicted in a ﬁg-
re of that work resembles that of a second generation product
ith around 3.3 V and a coil resistance of around 2.5 Ohm, gener-
ting hence approximately 4–4.5 W.  The measured temperature of
50 ◦C is therefore in good agreement with the 380 ◦C measured in
he current study at 5 W.
.4.2. Coil temperatures with liquid-drenched wick
In this experimental setup the temperature generated on the
eating coil was recorded over 5 consecutive puffs with the cotton
ick imbued with the commercial e-liquids described in Section
.1. The results, depicted in Fig. 4, show how, during the ﬁrst three
uffs the temperature measured on the coil surface does not sig-
iﬁcantly differ for 10 W,  15 W and 20 W,  whereas the temperature
easured at 5 W is distinctly lower. A possible explanation for thisL <DL <DL 5.9 ± 1.8
is that once the boiling temperature of the glycol/water mixture
is reached (132 ◦C for Glycerol/water 88:12, 123 ◦C for Propylene
glycol/water 85:15), the energy supplied by the battery is primarily
consumed for the evaporation of the glycol and less for further heat-
ing up of the coil. The differences between temperatures measured
in this set of tests and those measured on the “dry” heating coil (see
Section 3.4.1) appear to agree with this hypothesis. Values plotted
on the y-axis in Fig. 4 do not correspond to the boiling temperatures
of the glycols, as the thermo-camera recorded the temperature on
the outer surface of the coil, and not the temperature of the liquid.
Temperatures recorded during the fourth and ﬁfth puff at 20 W are
however signiﬁcantly higher compared to those measured at 15 W.
Effects occurring close to the heating coil, such as local liquid dry-
out and local overheating, might be possible explanations for this.
Talih et al. (2015) correlated the formation of toxicant yields with
the temperature of the heating-coil in direct-dripping mode. With
this method, after every few puffs a quantity of e-liquid is added
directly onto the heating coil of a “direct drip atomizer”. They mea-
sured coil temperatures of less than 130 ◦C (4.6 W battery output)
during the ﬁrst puff, when e-liquid was amply available. This is in
good agreement with our ﬁndings.
Setting the battery output at 25 W resulted in ignition of the
vapours. Data were therefore not collected. Ignition of the vapours
in the fully assembled e-cigarette is however unlikely, as the avail-
ability of air is much lower. A second trend can be observed in
Fig. 4: due to the general heating up of the entire device, and conse-
quently the increasing baseline temperature before each puff, peak
temperatures on the coil during the puff increase as well with each
consecutive puff. This resulted in differences of approximately 50 ◦C
at 5 W and 100 ◦C at 20 W between the ﬁrst and the last puff. This
effect might potentially have an impact on the formation of car-
bonyls, keeping also in mind that it might be more pronounced in
the assembled device where heat-dissipation is considerably lower.
In conclusion, these results show the correlation between the
relatively lower emissions of carbonyls at 5 W with coil tempera-
tures below the boiling point of the glycol/water mixtures on the
one hand, and, on the other hand, higher carbonyl emissions at
higher coil temperatures which enhance glycol decomposition.
3.5. Qualitative sensorial perception of the generated vapour at
varying battery outputsMost standard e-cigarettes use 3.7 V batteries and 2.4 Ohm
atomizers, producing around 5.5 W of power at most. At this
wattage the formaldehyde-concentration in the vapour of each
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Fig. 4. Thermographic temperature measurements on the surface of the heating coil at different battery outputs (5, 10, 15 and 20 W).  Thermographic pictures on the right
qualitatively show the vapour formation at various wattages.
Table 4
Qualitative subjective perception of generated vapours at varying wattages.
Battery output Fragrance Vapour density Vapour temperature Miscellaneous
5 W Little taste Unsatisfactory Insufﬁcient
10  W Nice Nice Nice
15  W Still ok (borderline) Ok Perceived as being the
same as at 10 Watt
20  W Perception of changed
aroma (more sugar-like)
Too dense Too hot Hurts in the throat
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s25  W Unpleasant Too dense 
uff showed to exceed the existing short-term indoor air guideline
alue. Experienced vapers might prefer e-cigarettes with variable
oltage/wattage for a more intense vapour production at higher
attages. A question which needs to be answered in order to cor-
elate carbonyl yields with the battery output applied and hence
he temperature generated on the heating coil, is up to which
attage a vaper would perceive the generated vapour to be pleas-
nt. The main factor responsible for the perceived vaping quality
s the ﬂavour of the e-liquid used. However, there are also several
ther less familiar factors that have an impact. The temperature
f the vapour, the ﬂavour of the e-liquid at certain tempera-
ures, and the amount of vapour produced: these are all technical
ariables that can have a major impact on the overall vaping
xperience.
In this context an experienced vaper was asked to (subjectively)
valuate the vapour generated at ﬁve different wattages (and there-
ore different coil-temperatures) from a sensorial point of view. The
esults summarised in Table 4 reveal that the most subjectively
leasant vapour was generated when setting the battery output
etween 10 and 15 W.  This battery output is associated with up
o 10 times higher carbonyl emissions compared to setting rela-
ively low wattages/temperatures normally reached by standard
econd-generation e-cigarettes.Far too hot Not only the vapour but
also the device is becoming
too hot
When increasing the battery output from 15 to 20 W,  the vaper
perceived a change in the vapours’ ﬂavour. This indicates the forma-
tion of a formerly not present substance. Acetaldehyde is known to
have a ﬂavour of green apples or freshly cut pumpkin (De Stefano
and Montanari, 1996) which was  similar to the sugar-like aroma
perceived by the vaper. This would however need to be conﬁrmed
by instrumental aroma analysis.
4. Conclusions
A reliable and simple method for the characterisation of volatile
carbonyl emissions from e-cigarettes was developed and the emis-
sions were then correlated with the temperature occurring on the
heating coil. The method involves the use of low amounts of sol-
vent and it can be conducted with standard HPLC systems available
in most analytical laboratories. The formation of carbonyls which
are known to be harmful when inhaled at sufﬁcient concentra-
tions, such as formaldehyde and acetaldehyde, occurred even at
relatively low wattages/temperatures. When considering concen-
trations in each inhaled puff, the short-term indoor air guideline
value for formaldehyde was already exceeded at the lowest wattage
of 5 W,  which is the wattage applied in most 2nd generation e-
cigarettes. On the contrary, the concentrations of acetaldehyde in
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ach puff were several times lower than the short-term irritation
hreshold value for humans at all wattages. The growing demand
or third generation e-cigarettes with variable voltage/wattage
ettings which allow the possibility to generate higher temper-
tures, increases the probability of vapers using these products
f being exposed to concentrations up to 10 times those emit-
ed by second generation devices. Although this study shows that
apers self-limit themselves and that it is unlikely that they choose
attages which lead to very high carbonyl emissions, it could
owever be useful to equip e-cigarettes with e.g. a LED which
tarts ﬂashing when high wattages are chosen, alerting the vaper
hat he/she could be exposed to higher levels of toxicants. Since
he formation of carbonyls is caused by the formation of radi-
als (hydroxyl radicals) which are responsible for the oxidation
nd fragmentation of the glycols, a potentially effective way to
educe their formation could be to add radical scavengers, such
s antioxidants (e.g. BHA, BHT, ascorbic acid) or spin-traps to the
-liquids. These health-protecting possibilities merit further inves-
igation. Standardised reference methods are needed to correctly
ssess carbonyl-emissions and emissions of harmful compounds
n general. Reporting of emissions is also a requirement of the
ew Tobacco Products Directive (2014/40/EU) which entered into
orce in May  2014 and which sets in place a consumer product
egulatory framework for all nicotine-containing e-cigarettes and
eﬁll containers that are not subject to pharmaceutical or medi-
al device legislation. The transposition deadline for this Directive
s 20 May  2016, from which date the new rules will begin to
e applied. The new rules place an emphasis on the safety and
uality for these products. Manufacturers and importers will be
equired to notify Member States before placing new products on
he market 6 months in advance of doing so. Each notiﬁcation must
ontain detailed information on the emissions resulting from the
se of e-cigarettes; therefore one clear challenge in interpreting the
nformation that will be collected is the current lack of ofﬁcial stan-
ardised methods for the measurement of these emissions. One of
he main challenges encountered in the development of such meth-
ds is the deployment of standardised machine smoking regimes
or the assessment of e-cigarette emissions. This approach proved
o have some limitations caused by the fact that vapers seem to
hange the way in which they vape depending on the model of
-cigarette. The current study addressed this challenge and high-
ights the importance to develop reference methods simulating
onditions which are as realistic as possible to avoid the over or
nderestimation of the concentration of toxicants produced. The
ide variety of products available on the market and the high level
f customization with varying design, type of heating elements,
ressure drop, batteries and the huge choice of available e-liquids,
ake the development of such methods and the associated stan-
ardised testing-conditions particularly challenging.
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